Western Ireland, located adjacent to the North Atlantic, and with a strongly oceanic climate, is potentially sensitive to rapid and extreme climate change. We present the first highresolution chironomid-inferred mean July temperature reconstruction for Ireland, spanning the lateglacial and early Holocene (LGIT, 15-10 ka BP). The reconstruction suggests an initial rapid warming followed by a short cool phase early in the interstadial. During the interstadial there are oscillations in the inferred temperatures which may relate to Greenland Interstadial events GI-1a-e. The temperature decrease into the stadial occurs in two stages. This two-stage drop can also be seen in other late-glacial chironomid-inferred temperature records from the British Isles. A stepped rise in temperatures into the Holocene, consistent with present-day temperatures in Donegal, is inferred. The results show strong similarities with previously published LGIT chironomid-inferred temperature reconstructions, and with the NGRIP oxygen-isotope curve, which indicates that the oscillations observed in the NGRIP record are of hemispherical significance. The results also highlight the influence of the North Atlantic on the Irish climate throughout the LGIT.
Introduction
The late-glacial period was characterised by several rapid and extreme shifts in climate across the North Atlantic region. The magnitude of these shifts has been recognised from ice core and marine records (e.g. Koç Karpuz and Jansen, 1992; Alley et al., 1993; Walker et al., 2001a) and in terrestrial records from pollen, plant macrofossil and, particularly, coleopteran assemblages (e.g. Atkinson et al., 1987; Lowe et al., 1994; Birks et al., 2000) . In recent years the development of chironomid-based transfer functions has enabled the magnitude and rapidity of these temperature changes to be quantified at a high temporal resolution (Walker et al., 1991; Brooks and Birks, 2001) .
Chironomid analysis is ideally suited for generating highresolution quantitative temperature reconstructions (Brooks, 2006; Walker and Cwynar, 2006) . Chironomid (non-biting midge) larvae are abundant and show high species diversity in temperate and arctic lake deposits. Their short life cycles, ability to disperse rapidly over long distances and independence from pedogenic processes enable them to respond to changing climate and environment more rapidly than terrestrial vegetation (see, for example, Birks and Birks, 2008) . Moreover, the major factor driving changing chironomid species assemblages during the late-glacial has been shown to be climate (Walker and Mathewes, 1989; Walker et al., 1991 Walker et al., , 1992 . A number of chironomid-based transfer functions have been developed to reconstruct past summer temperatures quantitatively. Within Europe these include transfer functions developed from Norway (Brooks and Birks, 2001) , Sweden (Larocque et al., 2001) , Finland (Olander et al., 1999; Luoto, 2009 ) and Switzerland (Heiri et al., 2003) . Earlier versions of the Norwegian transfer function based on fewer (109) lakes than the one used in this study (157 lakes) have been used to reconstruct late-glacial temperatures from Kråkenes in Norway (Brooks and Birks, 2000a) and Whitrig Bog in Scotland (Brooks and Birks, 2000b) .
Here, the results of a new investigation at Lough Nadourcan, Co. Donegal (Fig. 1) are presented. These include the first published high-resolution late-glacial chironomid-inferred temperature reconstruction from Ireland. Due to its geographic position, Ireland was uniquely placed to record the movement of the Polar Front during the late-glacial and associated changes in climate on the most western extreme of northern Europe. The polar front lay to the south of Ireland during glacial periods and during the GS-1 stadial, while it moved to the north of Ireland during the interstadial and again in the early Holocene. The late-glacial is well documented in Ireland, with numerous highresolution studies of deposits of suitable age (Watts, 1977 (Watts, , 1985 Andrieu et al., 1993; O'Connell et al., 1999; Diefendorf et al., 2006) . The prevailing westerly airflow, combined with the strongly controlled maritime climate and an absence of an ice cap during the late-glacial, allow climatic changes to be identified and quantified free from any effects of ice and continentality. This enables a fuller understanding of the drivers of late-glacial climate change within this region, and may help to unravel the linkages and synchronicity/asynchronicity between changes in climate on Greenland and on the European continent.
Study Site
Lough Nadourcan is a small lake (160 Â 55 m) situated approximately 16 km northwest of Letterkenny, in Glenveagh National Park, Co. Donegal (latitude 558 3 0 N, longitude 78 54 0 W; Fig. 1 ). It lies at approximately 70 m above sea level, on granite bedrock in an area dominated by blanket bog (Watts, 1977) . Previous studies at the site have generated a full lateglacial and early Holocene pollen diagram (Watts, 1977) and identified microtephra layers in the sediment (Turney et al., 2006) .
Eighteen cores, each spanning 2 m, were recovered from the infilled section of the basin using a Livingstone piston corer. The cores were correlated using magnetic susceptibility and loss-on-ignition (LOI). One core (LN5) was selected for chironomid and LOI analyses. Cores LN15, LN17 and LN22 were sampled for radiocarbon dating.
Methods

Sample preparation for chironomid analysis
Core LN5 was sampled for chironomid head capsules at 2 cm intervals, except between 676 and 680 cm depth, where samples were taken at 1 cm intervals. A total of 102 samples were prepared for chironomid analysis. The procedure followed Brooks et al. (1997) , where samples are deflocculated in 10% KOH at 908C for 5 min and then at 758C for a further 15 min. Samples were then sieved through two stacked sieves with a diameter of 180 mm and 90 mm, respectively. The <90 mm fraction was discarded. Samples were then picked under a dissecting microscope at Â30 magnification and mounted on standard microscope slides using Euparal mounting medium. The head capsules were identified using a compound microscope at Â100 to Â400 magnification, with reference to Cranston (1972 ), Wiederholm (1983 , Rieradevall and Brooks (2001) and Brooks et al. (2007) .
LOI analysis was carried out on core LN5 on contiguous 1 cm samples, following Heiri et al. (2001) . As tephra had been previously found in the sequence (Turney et al., 2006) , samples were prepared for tephra analyses following the procedure outlined in Pilcher and Hall (1992) . However, despite repeated attempts no tephra was identified in the cores taken for this study. The lack of tephra is most likely the result of using a slightly different sampling location than was used during the previous study. Tephra horizons in lake sediments are often discontinuous due to sediment focusing of tephra shards (Pyne-O'Donnell et al., 2008) .
Data analyses
A chironomid percentage diagram was constructed using the computer program C2, version 1.4.3 (Juggins, 2006) . In order to highlight the changes occurring in the chironomid stratigraphy, the chironomid sequence was subdivided into a number of assemblage zones. The number of zones and the placement of the zone boundaries were estimated numerically using the Optimal Partitioning method in the program ZONE version 1.2 (Juggins, 1991) , and were assessed for statistical significance by comparison with the broken-stick model (Bennett, 1996) using the program BSTICK (JM Line and HJB Birks, unpublished) .
Mean July air temperatures were derived from the fossil chironomid data set using the modern Norwegian chironomidtemperature transfer function (Brooks and Birks, 2001; and unpublished data) . The full training set consists of 157 Norwegian lakes spanning a mean July air temperature range of 3.5-168C, a latitudinal range from 808 to 588 N, an altitudinal range from 0 to 1600 m and 142 chironomid taxa. The calibration dataset was standardised to the recently revised chironomid taxonomy (Brooks et al., 2007) . The datasets were entered into C2 version 1.4.3 (Juggins, 2006) , where several different transfer functions were created using mean July air temperature as the environmental variable and chironomid taxa as the biological variables. In all models the chironomid percentage data were square-root transformed. The model with the best predictive power was a two-component weighted averaging partial least squares (WA-PLS) inverse regression model, with five outlier lakes removed from the dataset to improve the fit. The outlier lakes all contained very high percentages of only one or two taxa. Sample-specific errors were estimated by bootstrap cross-validation with 1000 cycles. Root mean squared error of prediction (RMSEP) of the twocomponent WA-PLS model is 1.128C, the coefficient of determination (r 2 ) is 0.92 and the maximum bias is 0.778C.
In order to evaluate the reliability of the chironomid temperature reconstructions, the occurrence of non-analogues in the fossil samples, the percentage of rare taxa and goodnessof-fit to temperature statistics were calculated. The number of non-analogues in the fossil samples was calculated using the modern analogue technique (MAT) (Birks et al., 1990) . Reconstructed temperatures are likely to be more reliable if the fossil samples have close modern analogues within the training set (Birks, 1998) . Samples with 'no close' analogues are those with dissimilarity coefficient (DC) values above the 2nd percentile of all chi-square distances within the modern dataset, and samples with 'no good' analogues are those with DC values above the 5th percentile. Percentiles of the training set dissimilarities and minimum dissimilarity coefficients were calculated using C2, using the MAT option. Goodness-of-fit to temperature statistics were also calculated by comparing the residual squared chi-squared distances of the modern training set to the residual squared chi-squared distances of the fossil datasets (Birks et al., 1990; Heiri et al., 2003; Engels et al., 2008) . Cut levels at the 95th and 90th percentiles of the modern residual squared chi-square distances were used to assess whether any fossil samples had a 'very poor' or a 'poor' fit-totemperature. The residual squared chi-squared distances in the modern and fossil datasets were calculated by canonical correspondence analysis (CCA) computed by CANOCO version 4.0 (ter Braak and Smilauer, 1998) . The percentages of taxa which are rare in the modern training set but present in the fossil samples were calculated using C2 (Juggins, 2006) . Rare taxa are defined as those which have an effective number of occurrences (based on Hill's N2) (Hill, 1973) in the training set of 5. Temperature optima of taxa with a low abundance (i.e. N2 5) in the modern training set are likely to be poorly estimated (Brooks and Birks, 2001) . Therefore, temperature reconstructions of fossil samples that include high percentages of taxa that are rare in the training set may be unreliable.
Detrended correspondence analysis (DCA) was also carried out on the chironomid fossil data (Hill and Gauch, 1980) using CANOCO version 4. The fossil data were square root transformed and detrending was by segments (ter Braak and Smilauer, 1998) . DCA axis 1 sample scores were plotted and these were compared to the chironomid-inferred temperature reconstructions. DCA axis scores are expressed as standard deviation (SD) units and estimate the amount of species turnover (compositional change) between samples. Plotting the DCA axes therefore summarises the major patterns of variation within a stratigraphic sequence (Birks, 1998) . If temperature change is the main driver of species change, then the DCA axis 1 sample scores should closely follow the inferred temperature reconstruction.
Chronology
Only two samples from the uppermost deposits of core LN15 provided enough terrestrial macrofossil material for dating. In order to provide more dates, 14 samples were taken of bulk material from throughout core LN17 and three from the top of core LN22. Cores LN17 and LN22 were correlated using the LOI profiles. These bulk samples were separated into their humic and humin fractions for 14 C AMS dating.
The initial samples of plant macrofossils and bulk sediment were treated with 2M HCl and then washed to neutral pH and dried before fractions were sealed in quartz tubes with an excess of copper oxide (CuO) and combusted to CO 2 . They were then converted to graphite at the 14 CHRONO Centre, Queen's University, Belfast, and analysed by the Oxford Radiocarbon Accelerator Unit. Humic and humin fractions were separated following Lowe et al. (2004) . The fractions were converted to graphite as described above and were dated at the 14 CHRONO Centre, Queen's University, Belfast. Radiocarbon ages were corrected for isotopic fractionation using the accelerator mass spectrometry (AMS)-measured 13 C/ 12 C ratio and calculated relative to an oxalic acid standard according to convention (Stuiver and Polach, 1977) . A calibrated age-depth model was constructed from the radiocarbon ages using the program BCal (http://bcal.sheffield.ac.uk; Buck et al., 1999) . This program simultaneously calibrates the radiocarbon ages with the IntCal04 calibration curve (Reimer et al., 2004) and constrains the calibrated age ranges to the stratigraphic sequence within a Bayesian framework.
Results
Lithology and radiocarbon age model
The organic matter content, as represented by LOI, and lithology of core LN5 show several abrupt changes across the sequence (Fig. 2) . The stratigraphy is also very similar to that found in previous studies of the Lough (Watts, 1985; Turney et al., 2006) .
The 26 radiocarbon ages are given in Table 1 . The bulk, macrofossil and humin ages form a more coherent age-depth sequence than do the macrofossil, bulk and humic ages. This suggests that the majority of the bulk sediment consists of the humin sediment fraction. Two of the radiocarbon ages, UB-7182 and UB-7183, appear to be erroneously young relative to the other ages in the sequence, and have thus not been included in the age modelling. Two age models were generated from the sequence: one using the macrofossil, bulk and humic ages ( Fig. 3(A) ) and the other using the macrofossil, bulk and humin ages ( Fig. 3(B) ). For both models prior outlier probabilities were set at 5% for all ages and the ages were ordered. The humic age model ( Fig. 3(C) ) spans the period ca. 15 160-10 035 cal. a BP, while the humin age model ( Fig. 3(D) ) spans the period ca. 15 160-10 310 cal. a BP. The lower and upper dates of each age model are unbounded and thus the upper and lower dates are unconstrained. Both models show a period of very rapid sediment accumulation between 745 and 708 cm depth. In the humic age model this corresponds to ca. 13 200-13 050 cal. BP, while in the humin age model this corresponds to 13 520-13 225 cal. a BP.
BCal was used to estimate ages for the upper and lower boundaries of GS1 (Younger Dryas) for each age model (Table 2) . Age estimates were also calculated for the top and bottom of the sequence for each age model. Extrapolation beyond dated levels is inadvisable and all age estimates for the top and bottom of the sequence below 822 cm and above 650 cm should be treated with caution. As the sequence is unbounded, the 95% confidence intervals are extremely large for the top and bottom of the sequence.
The humin fraction ages when combined with the bulk and macrofossil ages form a more coherent age model ( Fig. 3(D) ) than when the humic fraction ages are used ( Fig. 3(C) ). The humin ages follow stratigraphic ordering, as the ages get increasingly older with increasing depth. This is not the case with the humic fraction ages, which do not follow stratigraphic ordering. Walker et al. (2001b) have shown that, under certain circumstances in lake sediment sequences, the humic fraction may be the preferable fraction to use when no terrestrial plant macrofossils are available for AMS radiocarbon dating. This does not seem to be the case in this study. There is no consistent age offset between the humic and humin sediment fractions; however, the humin ages are all older than the humic ages. This may be because, although lake sediments were dated, peat is now accumulating in the portion of the basin where the cores were sampled. This may have resulted in a lowering of the water table, resulting in downward transport of water-soluble organic materials (including the humic fraction), which could explain the aberrantly younger ages in the humic fraction. Conversely, older humin ages could have been derived from incorporation of reworked older carbon into the deposits. As the humin radiocarbon ages show closer agreement to the plant macrofossil ages than the humic ages, it is therefore more likely that the humic fraction is aberrantly younger. As a result, the ages generated from the humin fraction are used in this study ( Fig. 3(D) ). Table 1 AMS radiocarbon ages for late-glacial sediments at Lough Nadourcan, normalised for isotope fractionation and calculated according to Stuiver and Polach (1977) . Samples with the laboratory code prefix UB were analysed at the Oxford Radiocarbon Accelerator Unit, while those with UBA were analysed at the 14 
Chironomid assemblages
In total, 83 chironomid taxa were identified at Lough Nadourcan. In most samples the head capsules were well preserved and abundant, although in samples from the compact clays at the base of the sequence head capsules were less abundant. The chironomid assemblage diagram, displaying the most abundant taxa found in the sequence as percentage abundances for each level, is shown in Fig. 4 . The sequence was subdivided into seven assemblage zones. Table 3 summarises the dominant taxa found in each zone and the temperature and trophic status that they indicate.
Quantitative climate reconstruction Figure 5 shows the chironomid-inferred mean July air temperatures (C-IT) using the humin age-depth model. The main features of the C-IT sequence are as follows: (1) the initial low temperatures start to increase as early as ca. 15 300-15 400 cal. a BP, and show a $78C rise into the warmest part of the interstadial;
(2) the three distinct temperature fluctuations which occur during the interstadial period before a final decrease to 7.58C at the start of the stadial at ca. 13 050 cal. a BP;
(3) the $2.58C rise in temperature across the stadial; (4) the final increase in temperature into the Holocene to just over 148C by ca. 11 150 cal. a BP. The samples at the top of the sequence (ca. 10 500 cal. a BP) show temperatures of around 148C. Current mean July air temperatures for Donegal are $148C (www.met.ie/climate/30year-averages.asp). Figure 6 shows that most of the fossil samples contain chironomid taxa which are well represented in the modern training set. There are only seven samples in which the abundance of rare taxa is over 10%. These samples all contain high abundances (up to 20%) of either Paracladius or Tanytarsus glabrescens, which have a Hill's N2 value of 4.6 and 4.2, respectively, in the calibration set. This means Figure 3 (A, B) Placement of the radiocarbon ages on the IntCal04 calibration curve (Reimer et al., 2004) . (A) Plant macrofossils, bulk and humic dates; (B) plant macrofossils, bulk and humin dates. Calibrated ages were given to the dated levels as proposed by the maximum posterior densities of the chronological ordered and constrained calibrated ranges generated by BCal (Buck et al., 1999) . Error bars indicate 95% confidence limits. (C, D) Corresponding age models for (C) humic age model and (D) humin age model. The lines join the 95% range of the highest posterior densities generated for each date that they are only just below the cut-off value of 5 (Brooks and Birks, 2001) so, although they are rare taxa, they are not the rarest in the training set. Over half the chironomid samples at Lough Nadourcan have no close analogues in the modern training set, and a further quarter have no good analogues. All samples were found to have a good fit to temperature. Samples can have a good fit to temperature despite not having good analogues in the modern calibration set because WA-PLS is capable of performing relatively well even in non-analogue situations (Birks, 1998) . As all samples have a good fit to temperature, and only a few samples have a high abundance of rare taxa, the inferred temperatures can be considered to be reliable numerically. DCA axis one sample scores are plotted in Fig. 6 . Axis 1 has an eigenvalue of 0.386 and a gradient length of 3.160 standard deviation units and explains 17% of the variance in the data. Comparison with the broken-stick model indicates that axis 1 reflects a significant amount of the variation in the chironomid assemblage. Trends in the DCA axis one sample scores are very similar to those in the chironomid-inferred temperature reconstruction (Fig. 5 ), which indicates that temperature parallels the main trends in chironomid assemblages and thus suggests that temperature is the major driver of chironomid turnover. 
Discussion
Lake environment inferred from chironomid assemblages Table 2 summarises the broad inferred temperature and trophic status found in each chironomid assemblage zone. The dominant taxa in LNch1 are all regarded as oligotrophic or ultra-oligotrophic cold stenothermic profundal taxa (Walker, 1995; Brooks et al., 2007) . Sergentia coracina is an exception in that it is regarded as a more intermediate stenotherm found in the sublittoral-profundal of meso-oligotrophic lakes. At the top of LNch1, taxa considered to be more mesotrophic and with warmer temperature optima begin to make appearances, such as Chironomus plumosus type, Chironomus anthracinus type, Microtendipes pedellus type and Ablabesmyia. Chironomus species are often early colonisers, when they may be opportunistic and occur in suboptimal conditions (Brooks et al., 2007) . Ablabesmyia is often associated with macrophytes (Brodersen et al., 2001) . This zone is therefore representative of a cold environment with relatively low productivity and chironomid diversity. This represents the first phase of colonisation of the lough after ice retreat. The increasing diversity and head capsule concentrations towards the top of this zone indicate that the lough was becoming increasingly productive, moving from oligotrophic to mesotrophic, possibly with aquatic vegetation developing at the site. The dominant taxa in zone LNch2 include more littoral or sublittoral taxa than the previous zone, such as Ablabesmyia and Microtendipes pedellus type, together with Sergentia coracina and Chironomus anthracinus type, which indicate mesotrophic conditions. Many taxa in this zone are warm stenotherms and favour decaying vegetation (Brodersen et al., 2001) . The presence of the predaceous carnivores Ablabesmyia and Thienemannimyia group indicates that there was sufficient prey to support these top-end chironomids. At ca.14 400 cal. a BP (805 cm) there is a $18C temperature decrease and a slight dip in the abundance of Microtendipes pedellus type and Dicrotendipes. At this point Corynocera ambigua briefly appears in the sequence. Corynocera ambigua is generally regarded as a cold stenotherm (Brooks et al., 2007) and its appearance here is the main driver of the decrease in temperature. However, this taxon has also been found in abundance in warm, shallow eutrophic lakes (Brodersen and Lindegaard, 1999) , implying that temperature may not be the limiting factor in its distribution, but that productivity may be a more important factor. Zone LNch3 again is dominated by eutrophic/mesotrophic warm stenotherms, such as Dicrotendipes, Ablabesmyia, Pagastiella, Psectrocladius septentrionalis type and Psectrocladius sordidellus type. This indicates that temperatures are still warm, and that the lough is a productive, well-vegetated environment. The increase in Psectrocladius species may indicate that the lake is becoming increasingly acidic. At the top of this zone there is a short-lived temperature increase, at ca.13 550-13 485 cal. a BP (746-736 cm), where temperatures increase from 10.8 to 12.78C. This temperature increase occurs at the same time as a slight increase in LOI values, and may indicate that there was a slight climatic amelioration at Lough Nadourcan just prior to the onset of the Nahanagan Stadial (GS-1). This could be correlated to phase GI-1a.
In zone LNch4 there is a mixed assemblage of warm and cold stenotherms and oligotrophic/eutrophic taxa. There is a considerable increase in the percentages of cold stenotherms, although many warm stenotherms continue to survive, including Psectrocladius sordidellus type, Ablabesmyia and Procladius. This implies that while there is a definite climatic cooling, the conditions are not as harsh as they were during the colonisation period in zone LNch1, and that the thermal threshold of these taxa had not yet been reached, even though they may have been in decline. This is also in agreement with trends in the LOI curve for the core and the sediment lithology (Fig. 2) , which show a gradual change from a highly organic lake mud to a more clay-rich sediment during zone LNch4. This unit occurs over a relatively short time period, (ca. 200 a when using the humin age model, but only ca. 100 a in the humic age model) and reflects the cooling conditions at the start of the Nahanagan Stadial (GS-1). There is very rapid sedimentation in this unit compared to all other units in the sequence, although the reasons for this are not clear. The increasing mineral content may be the result of solifluction occurring on the slopes surrounding the lough, and the resulting loose sediment being washed into the lough, or the result of exceptional precipitation causing sheet erosion. Cooler temperatures may also result in a reduction in vegetation cover in the catchment, which may have led to increased soil erosion.
Despite the initial temperature decrease in this zone, there is a general trend of increasing temperatures in this zone between ca.13 400 and 13 270 cal. BP (724-712 cm), with a temperature increase from 9 to 10.58C. This temperature increase occurs at the same time as a slight increase in LOI values and is associated with a slight resurgence of warm stenotherms. This may be the result of sediment reworking. The rate of deposition during this period is $1.1 cm 10 a À1 , which is an exceptionally high sedimentation rate. This may indicate that there was either a sediment slump or a large amount of sediment washed into the basin. The inferred temperature increase may also be a genuine response to a temperature rise early in the Nahanagan Stadial (GS-1).
The species assemblage in zone LNch5 is similar to that found in zone LNch1. LNch5 is dominated by taxa which favour oligotrophic, cold environments. Despite the cool conditions indicated by the presence of so many cold stenotherms, a small number of taxa more usually associated with warmer climates or more eutrophic conditions persist at low abundances. These taxa include Microtendipes pedellus, Chironomus anthracinus type and Tanytarsus pallidicornis type. These taxa may all be opportunistic, making use of available niches which are not at their optima, and it is not unusual for warm stenotherms to survive in shallow arctic lakes.
Zone LNch6 is short and represents the initial increase in mesotrophic, warmth-loving taxa after the preceding cold, oligotrophic phase. All the cold stenotherms disappear from the sequence or become rare. The more mesotrophic/eutrophic littoral taxa, which were present in zone LNch5 in very low abundance, all show considerable increases, such as Microtendipes pedellus type, Cricotopus trifascia type, Dicrotendipes and Tanytarsus pallidicornis type. In addition, taxa which had disappeared or were rare in zone LNch5 return to the sequence, including Ablabesmyia, Procladius, Psectrocladius sordidellus type, Pseudochironomus and Tanytarsus mendax type. Several of these taxa are associated with macrophytes, which suggests that the lake was once again rich in aquatic vegetation, with conditions similar to zone LNch2.
This increase in chironomid diversity continues into zone LNch7, where the total number of taxa identified reaches 51. There are many taxa that were not present in the sequence before this zone, indicating a substantial increase in chironomid diversity, lake productivity and temperature, and an associated increase in the amount of aquatic vegetation, providing shelter and food for chironomids in the littoral zone. For example, Cladopelma, Glyptotendipes, Labrundinia and Polypedilum species are all warm stenotherms (Brooks et al., 2007) . Many taxa, including Endochironomus species, Polypedilum species and Glyptotendipes species, are found living amongst vegetation (Brodersen and Lindegaard, 1999) . Many species of Glyptotendipes larvae are stem miners (Pinder and Reiss, 1983) . Zone LNch7 represents the initial warm phase at the beginning of the Holocene.
Comparisons with other records
The pattern of chironomid-inferred environmental and temperature change from Lough Nadourcan is similar to the NGRIP d 18 O profile from Greenland (Rasmussen et al., 2006) and many late-glacial sites in Ireland and northwestern Europe (Lowe et al., 1994; Coope et al., 1998) , as well as the chironomid-inferred temperature curves from Hawes Water, northwestern England (Bedford et al., 2004) , and Whitrig Bog, southern Scotland (Brooks and Birks, 2000b) (Fig. 7) . The temperature reconstructions for Lough Nadourcan and Hawes Water are based on more recent versions of the training set, whereas the Whitrig Bog temperature reconstructions are based on the original 109-lake training set (Brooks and Birks, 2000b) . Figure 6 Chironomid-inferred July air temperatures from Lough Nadourcan against depth plotted with sample-specific estimated standard errors of prediction, DCA axis 1 sample scores, nearest modern analogues and the percentage of taxa in the fossil assemblage which are rare in the modern calibration dataset (N2 < 5). Horizontal dashed lines represent the 2nd and 5th percentile of squared x 2 distances in the calibration dataset which are used to identify samples with no close (2%) and no good (5%) modern analogues There is much agreement between the 'events' both in general trends and in much of the detail.
The initial $58C temperature rise into the interstadial at Lough Nadourcan (Fig. 7) is of similar magnitude to that obtained from both Hawes Water (Bedford et al., 2004) and Whitrig Bog (Brooks and Birks, 2000b, 2001) . The subsequent temperature decrease, which appears to correspond to the Aegelsee Oscillation (GI-1d in NGRIP) (Lotter et al., 1992) , is most pronounced at Whitrig Bog, where temperatures drop to 88C -a fall of about 38C. At Hawes Water they decrease by about 1.58C, to 11.58C, which is more similar to the temperature decline of about 2.58C to 118C inferred at Lough Nadourcan.
During the mid interstadial, temperatures inferred from the chironomids at all three sites show a general declining trend of $1-28C. This indicates that throughout the British Isles the climate in the second half of the interstadial was cooler than during the first half. This is in agreement with the NGRIP record, although the decline in temperatures throughout the Interstadial was apparently greater in Greenland than the chironomid records suggest occurred in Britain and Ireland. Chironomid-inferred temperature reconstructions from the Netherlands , show a contrast to the declining pattern seen from the British Isles and NGRIP records, as they record lower summer temperatures during the early interstadial than later in the interstadial.
During the late interstadial at Whitrig Bog and Hawes Water, there is an indication of climatic warming of $18C just prior to the onset of the stadial. This most likely corresponds to the similar temperature increase seen at Lough Nadourcan. At Tory Hill, western Ireland, O'Connell et al. (1999) also provide evidence for climatic warming at this time from d 18 O and d 13 C records, and from mineralogy and chemical erosion indicators. Increases in Betula and/or Juniperus pollen are also found at several sites across Ireland at this time (for example, at Lurga, Illauncronan and Lough Namackanbeg (Andrieu et al., 1993) and Lough Goller and Poulroe (Watts, 1977) ). As this warming is recorded in several records, O'Connell et al. (1999) suggest that it is of regional importance and informally labelled it the pre-Younger Dryas warming (pYDw). This phase equates to GI-1a in the NGRIP event stratigraphy. This warming can be identified at Lough Nadourcan, Hawes Water and Whitrig Bog. It is of the order of about 1.58C, which is close to the inherent standard errors of the chironomid-based temperature reconstructions.
In all three of these chironomid-inferred temperature records, the temperature decline early in the interstadial (GI-1d) is of greater magnitude than the decline which occurs later in the interstadial (GI-1b). In the NGRIP record this trend is reversed, with the GI-1b oscillation being of greater magnitude than the GI-1d oscillation. Comparisons with chironomid-inferred temperatures from the Netherlands indicate that the pattern seen in Britain and Ireland is not repeated across the North Sea. The temperatures from the Netherlands show that, similarly to the NGRIP record, GI-1b has a stronger temperature decrease than GI-1d.
The chironomid-inferred temperature estimates from Lough Nadourcan at the start of the stadial are almost identical to those inferred at Hawes Water and Whitrig Bog, which both show an initial temperature decrease to $7.58C (Brooks and Birks, 2001; Bedford et al., 2004) . All three records show an increasing temperature trend throughout the stadial. At Hawes Water and Whitrig Bog this rise is of 28C and 1.58C, respectively, while at Lough Nadourcan the rise is slightly larger, at 2.58C. The larger temperature increase at Lough Nadourcan indicates that the moderating effect of the North Atlantic increased throughout the stadial. All three records show a rapid increase into the early Holocene and then remain high, at $148C at both Hawes Water and Lough Nadourcan. At Whitrig Bog (Brooks and Birks, 2001) temperatures do not reach beyond 118C, as the sequence does not extend as far into the early Holocene as either Hawes Water or Lough Nadourcan.
Comparison with the NGRIP d 18 O profile from Greenland (Rasmussen et al., 2006) shows many similarities between the temperature trends of the different records. One major chronological difference is that prior to the GS-1 stadial the two records are offset by a period of ca. 400 yr, but dates for the end of the GS-1 stadial are similar in both records. This age difference between the records may be due to the uncertainty in the age-depth model for Lough Nadourcan. Uncertainties arise due to the base of the age model being unbounded, the lack of any plant macrofossil dates from the interstadial and the fact that no tephra layers were identified in the cores used in this study. It is possible, however, that there is a genuine offset Figure 7 Comparison of chironomid inferred mean July air temperatures from three late-glacial sites in northwestern Europe and the NGRIP oxygen isotope profile. Sites are (A) Hawes Water, (B) Whitrig Bog, (C) Lough Nadourcan and (D) NGRIP. Results are plotted against depth (cm) except for NGRIP, which is plotted against age before AD 2000. Whitrig Bog data from Brooks and Birks (2001) , Hawes Water data redrawn from Bedford et al. (2004) , and NGRIP data from www. icecores.dk (Rasmussen et al., 2006) between the Lough Nadourcan record and the NGRIP d 18 O profile. Data from Llanilid in south Wales (Walker et al., 2003) also demonstrated an initial temperature increase into GI-1 at ca. 400 yr earlier than the NGRIP record suggests. If an earlier increase in temperatures can be established at other sites in Ireland or Britain then this has important implications for establishing the driver of late-glacial temperature change. It would strongly suggest that changes in oceanic circulation, most probably a strengthening of the thermohaline circulation in the North Atlantic, were the initial driver of late-glacial climate warming in the northwest of Europe.
Conclusions
The late-glacial chironomid stratigraphy and inferred temperature reconstruction from Lough Nadourcan are the first to be presented from Ireland. The similarity between the reconstructed temperatures and the DCA axis 1 sample scores indicates that the overall chironomid assemblage is responding primarily to temperature change. The record is similar to previously published temperature records from Britain, particularly the two late-glacial chironomid-inferred temperature reconstructions from Hawes Water (Bedford et al., 2004) and Whitrig Bog (Brooks and Birks, 2000b, 2001) .
The similarities between these three chironomid-inferred temperature records across the late-glacial period demonstrate the robustness and sensitivity of chironomids and the reliability of the temperature inference model and its potential to derive high-resolution palaeoclimate reconstructions. While each record has individual site-specific features, the similarities between the three records indicate that they are responding to regional temperature change. This also suggests that in both Britain and Ireland temperatures were subject to the same forcing factors, primarily to changes in circulation of the North Atlantic.
